Abstract: Hypoxic inhibition of K+ channels has been documented in many native chemoreceptor cells, and is crucial to initiate reflexes directed to improve tissue O2 supply. In the carotid body (CB) chemoreceptors, it is a general consensus regarding the facts that a decrease in pO2 leads to membrane depolarization, increase of Ca2+ entry trough voltage-dependent Ca2+ channels and Ca2+-dependent release of neurotransmitters. Central to this pathway is the modulation by hypoxia of K+ channels that triggers depolarization. However, the details of this process are still controversial, and even the molecular nature of these oxygen-sensitive K+ (KO2) channels in the CB is hotly debated. Clearly there are inter-species differences, and even in the same preparation more that one KO2 may be present. Here we recapitulate our present knowledge of the role of voltage dependent K+ channels as KO2 in the CB from different species, and their functional contribution to cell excitability in response to acute and chronic exposure to hypoxia.
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Introduction
Aerobic organisms depend on oxygen for the production of energy and for biosynthetic reactions. Therefore, cells, tissues and organisms must be able to sense and respond to changes in the oxygen concentration of their environment. The response of mammalian cells to hypoxia is crucial for their survival, allowing cells to cope with a low oxygen environment. Among those responses to hypoxia, the ones of specialized cells located in chemosensory organs (carotid bodies, pulmonary neuroepithelial bodies, pulmonary artery smooth muscle among others) are unique as they differ both quantitative and qualitatively from the general self-defense reaction of the organism against low oxygen. The specific hypoxic response of these chemosensitive cells is rapid (seconds to minutes), has a lower threshold, shows little or no adaptation during the entire period of hypoxia, and associates with an increase in their metabolic activity leading to changes in their excitability, contractility or secretory activity.
All these features are specializations directed to prevent hypoxia in the entire organism, and thus, to warrant homeostasis. CB chemoreceptors participate in the ventilatory responses to acute and chronic hypoxia (CH). Arterial hypoxemia increases breathing within seconds, and CB chemoreceptors are the principal contributors to this reflex hyperventilatory response, as hypoxia induces release of neurotransmitters from CB chemoreceptor cells that increase the activity of the afferent chemosensory fibers (Gonzalez, C. et al. 1994) . Central to the cardiorespiratory responses to hypoxia in most chemosensory tissues is the rapid inhibition of ion channels. In the CB, hypoxia depolarizes chemoreceptor cells by inhibiting K + channels, leading to the activation of voltage-dependent Ca 2+ channels, Ca 2+ influx and exocytosis. Although this general mechanism seems to be present in all O 2 -sensitive tissues (Youngson, C. et al. 1993; Weir, E. K. et a l. 1995) , there are inter-species differences in the molecular nature of the K O2 , and even in the same species more than one type of K O2 may be present Pérez-García, M. T. et al. 2000a; Patel, A. J. et al. 2001; Peers, C et al. 2001) .
Direct inhibition by hypoxia of a K + channel was first demonstrated in chemoreceptor cells isolated from rabbit CB (Lopez-Barneo, J. et al. 1988 ) .
Since then, many other K O2 have been found in several chemosensory preparations (Peers, C. 1997; Lopez-Barneo, J. et al. 2001; Patel, A. J. et al. 2001) , and an intriguing aspect is the high degree of variability on the properties of these K O2 among different preparations, within the same preparation among different species, and within the same species among different developmental stages. Furthermore, there are evidences indicating that K O2 channels may be redundant, as more than one type of K O2 can coexist in the same preparation (Kemp, P.J. 2006) , suggesting that the full hypoxic response of the cells may required the concerted action of more than one channel.
As a consequence of the high degree of diversity among K O2, determination of the molecular identity of K O2 in native tissues as a previous step to explore the structural requirements for O 2 sensing in these channels has been and (Buckler ref; Peers ref) . In the case of Kv channels, the molecular identity of the native K O2 has proven to be controversial. Since Kv channels are a family of proteins with a large molecular diversity (Coetzee, W. A. et al. 1999) , it is a great challenge to assign the actual molecular identity to the native current observed in intact cells. The difficulty not only comes from the large number of candidate subunits, but also from the fact that heteromultimers formed between different subunits from the same family could give rise to currents with similar kinetics. The complexity is further enhanced by the fact that the association of auxiliary subunits and interacting proteins also changes channel properties. Yet, determination of the molecular constituents of the native K O2 is an issue of capital importance to understand the molecular mechanisms of O 2 detection in chemoreceptor cells, to establish their physiological role in the native tissues, and additionally to provide a physiological meaning to the reported O 2 modulation of cloned channels expressed in heterologous systems (Hulme, J. T. et al. 1999; Perez-Garcia, M. T. et al. 1999; Conforti, L. et a l. 2000) .
Molecular diversity of Kv channels
K + channels are arranged in homo or heterotetramers of principal subunits (α), accompanied by evolutionarily unrelated auxiliary subunits. Principal subunits have been classified in several subfamilies according to their biochemical and electrophysiological features (reviewed by Coetzee, W. A. et al. 1999) . They all share a common core of two transmembrane (TM) domains that flank a pore-forming (P) region ( Figure 1A) . Kv4, respectively. The Kv naming system was based on deduced phylogenetic relationships where channels that shared 65% sequence identity were assigned to a particular subfamily (Gutman, G. A. et al. 2003 and modulate the gating properties of these channels (Jerng, H. H. et al. 2004 ).
This brief overview of Kv channels structure provides some clues to understand the large functional heterogeneity of K currents. Their diversity originates partly from the large number of genes that encode K + channel α subunits, but also from alternative splicing, heteromeric assembly of poreforming α subunits, RNA editing and post-transcriptional modifications. This multiplicity, displayed as a wide variability in gating kinetics, conductance, ion selectivity and pharmacology, is augmented by the interaction of K + channels with their numerous ancillary proteins. In fact, in the light of recent findings ion channels can be envisioned as heteromeric, dynamically-assembled multiprotein complexes, to such extent that even though α subunits suffice to form a functional pore, it is not clear whether they actually do so in native tissues (Jerng, H. H. et al. 2004; McCrossan, Z. A. et al. 2004 ).
Kv channels and oxygen-sensitivity in the CB
The effect of oxygen tension modulating a votage-gated outward K + current in dissociated rabbit CB chemoreceptor cells (Lopez-Barneo, J. et al. 1988) propelled several groups to the electrophysiological characterization of this 
Kv channels in rabbit CB
In rabbit carotid body, a series of studies both in whole-cell and in excised patch preparations reveal the presence of three components in the whole-cell However, several important questions regarding the role of these channels in the chemosensory response of the organ still remain. One question of paramount interest is to determine if hypoxic inhibition of these channels is the only trigger of the chemoreceptor signalling cascade. As mentioned above, the effect of hypoxia on rabbit CB chemoreceptor cells has been proposed to be mediated by a depolarizing shift in the resting membrane potential which leads to Ca 
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) and more importantly, they are not modulated by oxygen in this preparation, which is in marked contrast with the proposed role of these channels in rat CB (see chapter by Peers in this issue). Finally, some pharmacological studies suggest the presence of ATP-dependent (K ATP ) and two-pore domain (TASK-like) K + channels, but there are not direct studies of these channels and no data regarding their role on hypoxic chemotransduction (Takahashi, T. et al. 2005) . et al. 1997) , most likely of the Kv2 (Shab) subfamily, although no structural studies have been performed. The same two types of currents have been described in neonatal rat CB ). The relative contribution of these two components to fix resting membrane potential and consequently cell excitability is a key determinant of the altered response of the organ under physiological or physiopathological conditions. In this regard, changes on the relative expression of maxiK channels and IKv have been shown to correlate with the maturation of the response to hypoxia of the rat CB during development (Hatton, C. J. et al. 1997) , and also provide an explanation to the sensitization of the response to acute hypoxic episodes after chronic hypoxia exposure in adult animals (Carpenter, E. et al. 1998) and to the blunting of the acute hypoxic responses in neonatal anima ls born in a chronically hypoxic environment (Wyatt, C. N. et al. 1995, see below) . In this later situation, it has been shown that this blunting of the acute hypoxic response correlates with the decrease of functional maxiK channels and the lost of hypoxic-induced depolarization of chemoreceptor cells. However, the magnitude of hypoxic inhibition of K + currents was unchanged, indicating that acute hypoxia was modulating another K + current (IKv ) that did not appear to influence resting membrane potential. As a corollary, it was suggested that chemoreceptor cells respond to hypoxia not because they possess specific K O2 channels, but because they possess (as yet unidentified) specialized intracellular 0 2 -sensing mechanisms, which can couple to different K + channel types, an interesting proposal that could also help to explain the large molecular diversity of K O2.
Kv channels in rat CB
K
Kv channels in mouse CB
In the mouse CB initial studies have suggested important strain-dependent differences in the ventilatory responses to hypoxia, which seemed to have a correlate with differences in the structural and functional properties of the CB.
Apart from the small size of the organ and its structural complexity and variability among strains, in this specie it has been found that the number of chemoreceptor is very low. Using a whole CB preparation (to preserve suggesting that K O2 currents in this strain are most likely trough maxiK channels (Otsubo, T. et al. 2006 ). These authors proposed that differential expression of K + currents could contribute to differences in hypoxia sensitivity, and in fact maxiK mRNA (both the pore-forming α subunit and two different β subunits) seem to be more expressed in this DBA/2J strain than in A/J strain (a nonresponsive one) although no quantification has been made.
A different approach to the characterization of the electrical properties of mouse CB chemoreceptor cells is the use of chemoreceptor cells in primary cultures obtained from a transgenic mouse expressing GFP under the control of tyrosine hydroxylase (TH) promoter (Sawamoto, Kazunobu et al. 2001) . (and their accessory subunits) will allow to determine the molecules involved in the hypoxic transduction cascade. However, this characterization will benefit of the possibility of using transgenic mice with deletion of some of the identified channels subunits as a tool to understand the contribution of these channels to excitability of the cells.
Kv channels in cat CB
In cultured cat CB cells, two types of cells were identified electrophysiologically, ones that had KO2 and others whose K + currents were not inhibited by hypoxia. However, these two types of cells were morphologically indistinguishable and the K + currents had similar pharmacological and kinetic properties (Chou, C. L. et al. 1996) . 
Oxygen-modulated Kv channels in other preparations
K O2 currents are surprisingly ubiquitous, as they have been found in many tissues and cells (not only specialized oxygen-sensitive ones), and incredibly heterogeneous in terms of their molecular nature, not to talk about the mechanisms of O 2 regulation that is been covered in other chapters of this issue. Also in some of these preparations species-related differences in the nature of the K O2 channels have been described.
In the case of adrenal chromaffin cells, it has been described that they possess a developmentally regulated O 2 -sensing mechanism, similar to carotid body type I cells. The work by Thompson and colleagues (Thompson, R. J. et al. 1997) shows that rat adrenomedullary chromaffin cells possess O 2 -sensing mechanisms, similar to their neural crest counterparts in the carotid body, and that these mechanisms are present in cells from neonatal animals but dissapear during development. Electrophysiological experiments indicate that hypoxia is able to depolarize neonatal adrenal chromaffin cells and thus induce neurosecretory response (Thompson, R. J. et al. 1997) . Both in rat and in mouse cells, K O2 currents included both Ca 2+ -dependent (maxiK) and Ca 2+ -independent, delayed rectifier type (IKv) (Thompson, R. J. et al. 1998; Thompson, R. J. et al. 2002) . However, at least in the rat adrenal chromaffin cells, hypoxic inhibition of these two types of channels does not seem to account for cell depolarization, as this depolarization was unchanged in the presence of selective blockers of maxiK channels and was not fully prevented after blockade of IKv with TEA and 4-aminopyridines, suggesting the existence of additional O 2 -sensing mechanism that controls at least part of the initial depolarization or receptor potential during anoxia and that is insensitive to conventional blockers of Kv channels (Thompson, R. J. et al. 1998 ).
In neuroepithelial body (NEB) cells of foetal rabbit and neonatal human lungs the H 2 O 2 -sensitive channel Kv3.3a has been shown to be co-expressed with the membrane components of the NADPH oxidase (gp91 phox and p22 phox ),
and to respond to hypoxia with a reversible inhibition (Wang, D. et al. 1996) .
Although it has been reported that hypoxia fails to inhibit NEB K + channels in gp91 phox knock-out mice (Fu, X. W . et al. 2000) , NADPH oxidase is, however, However, in the last years is becoming more evident that there will not be only one K O2 channel in PASMC. Rather, the oxygen sensor responsible for hypoxic pulmonary vasoconstriction would be better defined as an oxygen-sensing system in which multiple "oxygen sensors" coordinate with each other and transduce hypoxic signals to different "effectors" (i.e., the different Kv channel α and β subunit combinations) to ensure efficacy (Yuan, J. X. 2001) .
Finally, it is noteworthy to point out that a number of studies have been focused to determine the sensitivity to hypoxia of recombinant Kv channel in heterologous expression systems, including Xenopus oocytes, mouse L-cell line, CHO cells, rat adrenal PC12 cells, COS-7 cells, and HEK-293 cells (reviewed in Lopez-Barneo, J. et al. 2001; Patel, A. J. et al. 2001; Yuan, J. X. 2001 The ventilatory acclimatization to hypoxia is almost exclusively dependent on CB (Bisgard, G. E. 2000) were CH exposure induces profound morphological and neurochemical changes (Wang, Z. Y. et a l. 2002) together with increased chemosensitivity. Reports concerning the effects of prolonged hypoxia on the acute hypoxic sensitivity of the CB are mixed, and some discrepancies might be accounted for by species-dependent rates of adaptation of the CB to CH. Long term exposure to hypoxia leads to an enhancement of acute hypoxic reactivity that within some time (weeks to years, depending on species) changes into a blunting of the response to acute hypoxia. As the chemotransduction cascade begins with the inhibition of K O2 , it has been hypothesized that changes in the expression levels or in the O 2 sensitivity of K O2 could contribute CH adaptations. In fact, in PC12 cells the effect of CH on the expression pattern of K + currents has been studied, and up-regulation of the K O2 current (Kv1.2) has been proposed as the mechanism of hypoxic sensitisation (Conrad, P. W. et al. 2001) . Similarly, the changes in the expression of the O 2 -sensitive components of the K + current has been implicated in the loss of hypoxic sensitivity of pulmonary artery smooth muscle cells upon exposure to prolonged hypoxia (Platoshyn, O. et al. 2001; Pozeg, Z.I. et al. 2003) . In the rat CB, blunting of the acute hypoxic response in animals born and raised under CH has been demonstrated to correlate with the downregulation of the K O2 current (maxiK channels, (Wyatt, C. N. et al. 1995) . On contrast, in the rabbit CB chemoreceptor cells a different mechanism that results in modification of hypoxic sensitivity by CH without affecting the expression of KO2 channels has been described. CH in vitro is able to induce changes in the expression profile of Kv channels of chemoreceptor cells that lead to an increase of hypoxic sensitivity of K + currents (Kaab, S. et al. 2005 ).
Role of carotid body Kv channels in chronic hypoxia adaptation
Exposure of CB primary cultures during 24-72 h to low levels of O 2 (5%; ~33 mmHg) produces a specific down-regulation of Kv3.4 channel (both at the protein and mRNA levels) that accounts for the decrease in the fast transient outward K + current that can be observed in the whole-cell experiments.
Importantly, as the KO2 current in this preparation has been identified as belonging to the Kv4 family, down-regulation of Kv3.4 gene leads to a decrease of the O 2 -insensitive component of the K + current, resulting in a more predominant role of K O2 in the total outward current, with the subsequent relative increase in the magnitude of acute low PO 2 -induced inhibition.
Moreover, under CH conditions, acute hypoxia induced a significantly larger depolarization of resting membrane potential and consequently increased excitability, indicating that this ionic remodelling could explain CH sensitization.
These results imply that in rabbit CB chemoreceptor cells acute and chronic hypoxia are both able to modulate ion channels, but exert their effects acting through different molecules: while acute exposure to hypoxia decreases the activity of Kv4 channels, prolonged hypoxia down-regulates Kv3.4 channels, and doing so increases the relative contribution of Kv4 channels to the total outward current (Figure 3 ). The data of Peers' group in rat CB (Carpenter, E. et al. 1998) 
